A requirement for the genetical study of crossing-over is the heterozygous condition of two allelomorphic factors in the same linkage group. The analysis of the behavior of homologous or partially homologous chromosomes, which are morphologically distinguishable at two points, should show evidence of cytological crossing-over. It is the aim of the present paper to show that cytological crossing-over occurs and that it is accompanied by genetical crossing-over.
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In a certain strain of maize the second-smallest chromosome (chromosome 9) possesses a conspicuous knob at the end of the short arm. Its distribution through successive generations is similar to that of a gene. If a plant possessing knobs at the ends of both of its 2nd-smallest chromosomes is crossed to a plant with no knobs, cytological observations show that in the resulting F1 individuals only one member of the homologous pair possesses a knob. When such an individual is back-crossed to one having no knob on either chromosome, half of the offspring are heterozygous for the knob and half possess no knob at all. The knob, therefore, is a constant feature of the chromosome possessing it. When present on one chromosome and not on its homologue, the knob renders the chromosome pair visibly heteromorphic.
In a previous report' it was shown that in a certain strain of maize an interchange had taken place between chromosome 8 and 9. The interchanged pieces were unequal in size; the long arm of chromosome 9 was increased in relative length, whereas the long arm of chromosome 8 was correspondingly shortened. When a gamete possessing these two interchanged chromosomes meets a gamete containing a normal chromosome set, meiosis in the resulting individual is characterized by a side-by-side synapsis of homologous parts (see diagram, figure 1 of preceding paper). Therefore, it should be possible to ha.ve crossing-over between the knob and the interchange point.
In the previous report it was also shown that in such an individual the only functioning gametes are those which possess either the two normal chromosomes (N, n) or the two interchanged chromosome (I, i), i.e., the chromosome in other gametes will be indicated in other F1 individuals by the appearance of eight bivalents plus a ring of four chromosomes in the late prophase of meiosis.
If a gamete possessing a normal chromosome number 9 with no knob, meets a gamete possessing an interchanged chromosome with a knob, it is clear that these two chromosomes which synapse along their homologous parts during prophase of meiosis in the resulting individual are visibly different at each of their two ends. If no crossing-over occurs, the gametes formed by such an individual will contain either the knobbed, interchanged chromosome (a, Fig. 1 ) or the normal chromosome without a knob (d, Fig. 1 ). Gametes containing either a knobbed, normal chromosome (c, In the preceding paper it was shown that the knobbed chromosome carries the genes for colored aleurone (C), shrunken endosperm (sh) and waxy endosperm (wx). Furthermore, it was shown that the order of these genes, beginning at the interchange point is wx-sh-c. It is possible, also, that these genes all lie in the short arm of the knobbed chromosome. Therefore, a linkage between the knob and these genes is to be expected.
One chromosome number 9 in a plant possessing the normal complement had a knob and carried the genes C and wx. Its homologue was knobless and carried the genes c and Wx. The non-crossover gametes should contain a knobbed-C-wx or a knobless-c-Wx chromosome. Crossing-over in region 1 (between the knob and C) would give rise to knobless C-wx and knobbed-c-Wx chromosomes. Crossing-over in region 2 (between C and wx) would give rise to knobbed-C-Wx and knobless-c-wx chromosomes. The results of crossing such a plant to a knobless-c-wx type are given in table 2. It would be expected on the basis of interference that the knob and C would remain together when a crossover occurred between C and wx; hence, the individuals arising from colored starchy (C-Wx) kernels should possess a knob, whereas those coming from colorless, waxy (c-wx) kernels should be knobless. Although the data are few they are convincing. It is obvious that there is a fairly close association between the knob and C.
To obtain a correlation between cytological and genetic crossing-over it is necessary to have a plant heteromorphic for the knob, the genes c and wx and the interchange. Plant 338 (17) possessed in one chromosome the knob, the genes C and wx and the interchanged piece of chromosome 8. The other chromosome was normal, knobless and contained the genes c and Wx. This plant was crossed to an individual possessing two normal, knobless chrommszm2s with the gen2s c-Wx and c-wx, respectively. This cross is diagrammed as follows:
The results of the cross are given in table 3. In this case all the colored kernels gave rise to individuals possessing a knob, whereas all the colorless kernels gave rise to individuals showing no knob.
The amount of crossing-over between the knob and the interchange point is approximately 39% (Table 1) Plants 6, 9, 10, 13, and 14 are normal and WxWx; they therefore represent non-crossover types. An equal number of non-crossover types are expected among the normal Wxwx class. Plants 1, 2, 4, 11 and 12 may be of this type. It is possible but improbable that they have arisen through the union of a c-Wx gamete with a gamete resulting from a double crossover in region 2 and 3. Plants 5 and 8 are single crossovers in region 3, whereas plants 3 and 7 probably represent single crossovers in region 2 or 3.
The foregoing evidence points to the fact that cytological crossing-over occurs and is accompanied by the expected types of genetic crossing-over.
Conclusions.-Pairing chromosomes, heteromorphic in two regions, have been shown to exchange parts at the same time they exchange genes assigned to these regions. The authors wish to express appreciation to Dr. L. W. Sharp for aid in the revision of the manuscripts of this and the preceding paper. They are indebted to Dr. C. R. Burnham for furnishing unpublished data and for some of the material studied.
1 McClintock, B., Proc. Nat. Acad. Sci., 16, 791-796 (1930 For several years there have been maintained at the Bussey Institution a few cages of mice homozygous for the two closely linked recessive genes determining, respectively, short-ears and blue dilution. A litter born in one of these cages contained several short-eared non-agouti dilute mice, and, in addition, a short-eared non-agouti female showing intense pigmentation instead of the expected dilute.
Our short-eared intense stock was located in a section of the mouse room remote from the cages containing the short-eared dilute stock, making contamination from this source highly improbable. All possibility that intense pigmentation appeared as a result of contamination is completely ruled out, however, by a number of additional facts. If we suppose contamination by the short-eared intense stock to have taken place, then it could only have occurred in one of two possible ways. Either the shorteared intense female was sired by a short-eared intense male introduced into the cage or else the short-eared intense female, herself a purebred for both characters, was placed in the cage when a nurseling.
